Small and uncharged glycerol is an important molecule for yeast metabolism and osmoadaptation. Using a series of S. cerevisiae BY4741-derived mutants lacking genes encoding a glycerol exporter (Fps1p) and/or importer (Stl1p) and/or the last kinase of the HOG pathway (Hog1p), we studied their phenotypes and various physiological characteristics with the aim of finding new roles for glycerol transporters. Though the triple mutant hog1 stl1 fps1 was viable, it was highly sensitive to various stresses. Our results showed that the function of both Stl1p and Fps1p transporters contributes to the cell ability to survive during the transfer into the state of anhydrobiosis, and that the deletion of FPS1 decreases the cell's tolerance of hyperosmotic stress. The deletion of STL1 results in a slight increase in cell size and in a substantial increase in intracellular pH. Taken together, our results suggest that the fluxes of glycerol in both directions across the plasma membrane exist in yeast cells simultaneously, and the export or import predominates according to the actual specific conditions.
INTRODUCTION
Glycerol is the main osmoprotectant in most yeast species, including Saccharomyces cerevisiae (Hohmann 2002) . It can also serve as a source of carbon, and the cytosolic level of its degradation/synthesis is an important factor in the maintenance of the cell redox balance (Ansell et al., 1997; Valadi et al., 2004) . Besides these functions, glycerol is also used for the synthesis of glycerophospholipids and triacylglycerols (Kohlwein et al., 1996; Mullner and Daum 2004) , and it serves in oxidative or heat stress protection (Pahlman et al., 2001) . To maintain optimal glycerol levels under changing external conditions and available nutrients, yeast cells tightly regulate glycerol synthesis, degradation and transport. Upon high external osmotic pressure, when the intracellular osmotic pressure needs to be increased, the high osmolarity glycerol (HOG) pathway signals to cells the need to increase the synthesis of glycerol and its uptake from the environment and diminish its loss from cells. It is the last kinase of this pathway (Hog1p) that is crucial for both the immediate and late responses of cells to hyperosmotic stress. It activates or inactivates various transporters and enzymes (e.g. the Nha1p cation/proton antiporter or K + channel Tok1p (Proft and Struhl 2004; Kinclova-Zimmermannova and Sychrova 2006; Westfall et al., 2008) , or provokes the necessary transcriptional and translational changes (Albertyn et al., 1994; Proft and Struhl 2004) , e.g. in glycerol and sugar metabolism (Posas et al., 2000) or in the cell cycle (Escote et al., 2004; Clotet et al., 2006) . Last but not least, Hog1p upregulates the synthesis of the glycerol uptake system Stl1p and inactivates the glycerol exporting channel Fps1p. Upon osmotic stress, glycerol is massively synthesized de novo from dihydroxyacetone-P via glycerol-3-P in a Hog1-dependent manner (Albertyn et al., 1994) . As a small and uncharged molecule, glycerol can easily penetrate lipid membranes and thus it is lost from cells by a passive diffusion following its concentration gradient. Saccharomyces cerevisiae and other yeast species have a transporter that is able to actively accumulate glycerol from the environment due to the proton-symport mechanism utilizing the inward gradient of protons across the plasma membrane generated by the Pma1p H + -ATPase (Ferreira et al., 2005) . This transporter is structurally related to the family of hexose transporters within the major facilitator superfamily, as is evident from its name (sugar transporter-like). The STL1 gene is repressed and Stl1 protein inactivated in the S. cerevisiae W303 background (Ferreira et al., 2005) in the presence of glucose, i.e. under conditions where glycerol does not serve as a preferable source of carbon and energy. On the other hand, glucose-mediated repression is overcome under various conditions when the uptake of glycerol is an advantage, e.g. upon osmotic stress (Lages and Lucas 1997; Ferreira et al., 2005) via HOG-mediated induction (Rep et al., 2000) , at high temperature (Ferreira and Lucas 2007) or during cold adaptation (Tulha et al., 2010) . Evidently, Stl1p is also expressed and active when the cells grow on non-fermentable carbon sources (Rep et al., 2000; Haurie et al., 2001) and during entry to the stationary phase (Lages and Lucas 1997; Holst et al., 2000; Haurie et al., 2001) . The Fps1p channel that mediates a rapid release of glycerol from the cytosol by facilitated diffusion is mainly used when cells need to quickly diminish their intracellular turgor and increase their intracellular water activity. Fps1p is a member of the major intrinsic protein family and besides glycerol, it facilitates the diffusion of other small solutes across the plasma membrane (Ahmadpour et al., 2014) . Fps1p is also required for cell fusion during yeast mating (Philips and Herskowitz 1997) . A hyperosmotic environment causes Fps1p closure (Hog1p mediated), whereas a decrease in external osmolarity results in a reactivation/opening of this channel (Tamas et al., 1999) .
Besides the Stl1 and Fps1 transporters, three other proteins and/or ORFS were initially described as glycerol transporters. However, later studies did not confirm their glycerol transporting activities. Gup1 and Gup2 proteins were later described as O-acyltransferases (Neves, Lages and Lucas 2004; Tulha et al., 2012) and the Fps1-like protein Yfl054c has never been shown to act as a standard glycerol channel (Wysocki et al., 2001; Oliveira et al., 2003; Ahmadpour et al., 2014) .
Although there have been many studies characterizing S. cerevisiae single mutants lacking HOG1, FPS1 or STL1 genes, or proving the regulatory effect of Hog1p on Stl1p or Fps1p with the use of double hog1 stl1 and hog1 fps1 mutants, much less attention has been paid to the characterization of mutants lacking both glycerol export and import mechanisms and the ability to increase glycerol synthesis when necessary. In this work, we constructed a series of single, double and triple mutants in the BY4741 background, characterized their growth properties and physiological characteristics and for the first time revealed some new and interesting phenotypes or functions, e.g. the role of both transporters in the cell survival during its transfer into the state of anhydrobiosis and back to active life or the contribution of Stl1p to the maintenance of pH homeostasis.
MATERIALS AND METHODS

Yeast strains, plasmids and growth media
The S. cerevisiae strains and plasmids used are listed in Table 1 . Deletion mutants were prepared by homologous recombination using the Cre-loxP system repeatedly (Guldener et al., 1996) in the BY4741 strain (MATa his3 leu2 met15 ura3 ; EUROSCARF). The oligonucleotides used for the construction of deletion cassettes and for diagnosis are listed in Table 2 .
Strains were routinely grown in standard liquid YPD medium (1% yeast extract, 2% peptone, 2% glucose) in an orbital shaker at 160 rpm/min at 30
• C. For some experiments, 2% glucose was replaced with 2% mannitol or 1 M mannitol (YPM and YP+1M mannitol, respectively; indicated in the text ScURA3, GAL1 P -Cre-CYC1 T , CEN6/ARSH4; Amp R , ori (Guldener et al., 1996) pUG6 loxP-TEF2 P -kanMX-TEF2 T -loxP, Amp R , ori (Guldener et al., 1996) 
pGRU1-ScSTL1
ScURA3, NHA1 P -ScSTL1-GFP, 2μ, Amp R , ori (Duskova manuscript in preparation) Table 2 . Oligonucleotides used in this study (5 -3 ).
Gene deletion
CATTTGATGCTCGATGA DNA sequences complementary to the sequences of the deletion cassette are shown in lowercase letters.
was used. YNB (0.69% YNB w/o amino acids, Formedium TM , UK) supplemented with 2% glucose and BSM w/o uracil was used for visualization of ScStl1-GFP in S. cerevisiae BY4741 stl1 . Solid media were supplemented with 2% agar.
Growth phenotypes
The growth of strains under various conditions was monitored by drop tests. Cells grown on YPD plates at 30
• C for 48 h were suspended in sterile water to A 600 = 2. Serial 15-fold dilutions of cell suspensions were spotted on YPD or YPM plates supplemented as indicated. Their growth was monitored for 7 days.
Representative results of one of three experiments are shown.
Cell size
A CasyCell Counter (Roche) with a 60 μm capillary was used to determine cell size. 10 μl of cells in the exponential phase of growth in YPD, after 16 h in YP + 1M mannitol and 45 min in distilled water, were diluted in 10 ml of CasyTon R dilution buffer and subsequently analysed according to the manufacturer's instructions. The experiment was repeated three times, in each experiment three aliquots of 2 × 10 4 cells were analysed, and the means ± SD of one of the representative are shown. Intervals containing the most typical 60% of the population are shown in the box plot diagram with the mean diameter.
Fluorescence microscopy
To visualize the morphology of cells staining with Primuline was used, and for Stl1, its coding sequence was tagged with GFP sequence in pGRU1-ScSTL1 plasmid. The fluorescence signals were observed under an Olympus AX70 microscope using an U-MWB cube with a 450-480 nm excitation filter and 515 nm barrier filter. The fluorescence micrographs were taken using an Olympus DP70 digital camera.
Survival of stresses
To determine the tolerance of cells to hyper-and to hypoosmotic stresses, cells were grown to A 600 = 0.6 in 50 ml of YPD. Cultures were transferred to YPD + 1M mannitol for 16 h and then to H 2 O for 45 min. In each step of this procedure, the A 600 of cells was adjusted to 1 and subsequently 50 μl of 2000-fold and 100 μl of 20 000-fold diluted aliquots were plated on YPD in triplicate. The colony forming units (CFU) were counted after 2 days of growth. The experiment was repeated at least three times and the means ± SD of three independent experiments are presented. The survival of abiotic stress (Borovikova et al., 2014) was estimated with cells grown to the stationary phase in 200 ml of YPD. Harvested cells were washed and dehydrated by convective drying at 30
• C for 15-16 h until the humidity of the biomass reached approximately 9-10%. The dehydrated biomass was rehydrated in distilled water at room temperature for 10 min. Cells were exposed to distilled water or 1 M glycerol at 30
• C for 3 h before dehydration stress in some experiments. Cell survival was estimated using the fluorochrome Primuline and fluorescence microscopy (Rapoport and Meysel 1985) . The experiments were repeated -three to four times and the means ± SD are presented.
Intracellular pH
Cells were transformed with pHl-U plasmids harbouring the coding sequence of pHluorin (Maresova et al., 2010) , and were grown in YNB-pH medium supplemented with BSM w/o uracil to A 600 = 0.5 for pH in measurement. The fluorescence intensities were recorded using a SynergyHT microplate reader (BioTek Instruments) with emission filter 516/20 nm and excitation filters 400/30 and 485/20 nm. For elimination of the background fluorescence, a wild-type culture with an empty vector (pVT100-U) was grown in parallel and these background fluorescence values were subtracted from the fluorescence at each excitation wavelength (software Gen 5, BioTek Instruments). The calibration curves were generated as described previously (Orij et al., 2009) plotting the ratio of emission at both excitation wavelengths (I 400/485 ) against the pH of a series of citric acid/Na 2 HPO 4 buffers of various pH (5.7-7.7). Each strain was measured in 20 wells within one experiment (technical replicates) and the presented data are means ± SD of at least four independent experiments (biological replicates).
RESULTS AND DISCUSSION
In order to estimate the contribution of glycerol transporters to the cells' physiological parameters and tolerance to various stresses, we first constructed a series of single mutants lacking either the system importing (stl1 ) or exporting (fps1 ) glycerol or lacking Hog1p kinase (hog1 ), which is the crucial activator of glycerol synthesis upon stress. We then constructed a series of mutants lacking various combinations of these three genes ( Table 1 ). The triple mutant (hog1 stl1 fps1 ), which is not able to actively accumulate glycerol from the environment or quickly release its surplus when necessary or increase its synthesis upon stress, was viable under standard growth conditions (YPD); however, its growth was slightly slower than that of the wild type (cf. last drops, first and last lines, Fig. 1a , YPD panel). When we tested salt tolerance, all strains lacking the HOG1 gene were very sensitive to the presence of NaCl (Fig. 1a) . They were not able to grow if the concentration of NaCl was higher than 0.6 M (not shown). Deletion of the FPS1 gene had no phenotype upon hyperosmotic stress, in agreement with the closure of this channel under those conditions. At high NaCl concentrations, e.g. 1.4 M, a slight inhibition of the growth of stl1 and stl1 fps1 strains was observed (Fig. 1a) . When the cells were grown on plates supplemented with mannitol as a source of carbon (glucose represses and inactivates Stl1p), the importance of Stl1p for the tolerance of osmotic stress was clearly evident (Fig.  1b, last panel) .
Cell size and morphology
As glycerol content is thought to play a role in cell size and morphology, we estimated the size of cells growing under standard conditions, under hyperosmotic conditions and in a hypoosmotic environment. Surprisingly, only the stl1 mutation resulted in slightly but significantly bigger YPD-growing cells (Fig. 2a) . When we followed the size of cells transferred from YPD to YPD + 1 M mannitol (for 16 h) and subsequently transferred to distilled water for 45 min, the wild-type, stl1 , fps1 and stl1 fps1 cells shrank similarly (Fig. 2b) and their morphology was also similar (Fig. 2c) . On the other hand, the deletion of HOG1 resulted in cells producing pseudohyphae upon high-mannitol stress (Fig. 2c , and similar results obtained in YPD + 0.5 M NaCl, not shown), which was also observed as an increase in the average cell size (Fig. 2b) . The change in the morphology of hog1 cells upon osmotic stress is caused by a crosstalk between the HOG and filamentation/invasion pathways (Brewster and Gustin 1994) . Taken together, the results obtained suggested that the Stl1p transporter is not fully repressed and inactivated in BY4741 cells growing in YPD, and that its activity contributes to the regulation of cell volume. This is different from the results obtained with W303-derived mutants (Ferreira et al., 2005) and it confirms that the construction and phenotypic testing of a new series of mutants with a different genetic background can bring significantly new results.
Survival of changes in water activity
When we estimated the survival rate of mutant strains treated first with high mannitol and then with water (cf. above and the section 'Materials and methods'), surprising results were obtained. The lack of one or the other glycerol transporter resulted in a very high decrease in the number of surviving cells (approximately a 70% decrease compared to the survival of wild-type cells), and the stl1 fps1 combination of mutations rendered the cells extremely sensitive with only 10% surviving. The deletion of HOG1 had a much less dramatic effect, and surprisingly, the absence of Hog1p increased the very low survival of cells lacking Stl1p and/or Fps1p (Fig. 3a) . To analyse the cause of the low survival of cells lacking glycerol transporters, we estimated the cell survival in each step of the treatment (Fig. 3b) . The results obtained showed that the presence of both transporters contributes to the survival of hyper-and hypoosmotic stresses and suggested that the uptake and efflux of glycerol together play a role in cell adaptation to changes in external osmolarity. When the survival of cells upon anhydrobiosis was tested, i.e. upon a decrease in water activity without adding extra solutes, it was the deletion of STL1 that rendered the cells highly sensitive to desiccation (Fig. 3c) , and in contrast to the survival of consequent hyper-and hypoosmotic stresses described above, the triple mutant lacking both transporters and the Hog1p kinase was the least tolerant to the desiccation procedure (Fig. 3c) . The sensitivity to anhydrobiosis was partly abolished if the cells were treated for 180 min with 1 M glycerol prior to the desiccation (Fig. 3d) . The positive effect of glycerol treatment was the highest with the triple mutant, which is unable to actively import, export or increase the production of glycerol. However, this effect was not fully glycerol-specific, a similar increase, though not so pronounced as with glycerol, was observed if the cells were treated with mild concentrations of salt or sorbitol prior to the desiccation (not shown). It was shown earlier that such hyperosmotic treatment can also switch on the synthesis of other osmoprotectants (e.g. trehalose or higher alcohols) in yeast cells and change the membrane lipid properties (Wiemken 1990; Rapoport et al., 2009; Grube et al., 2014) .
Intracellular pH and Stl1p localization
The results obtained for the stl1 strain suggested that Stl1p may be at least partly expressed and functional in BY4741 cells growing on glucose. To confirm the hypothesis, two types of experiments were performed. As the Stl1's mechanism of transport is thought to be a symport of glycerol with protons (Ferreira et al., 2005) , we expressed pHluorin in our mutants and measured the intracellular pH of cells during their exponential growth in YNB-pH. As shown in Fig. 4a , the deletion of STL1 increased the intracellular pH significantly, both in the single, double and triple mutants. On the other hand, disruption of the signalling HOG pathway by deleting HOG1 did not change the intracellular pH, which was a surprising result given the known multiple effects of HOG1 deletion (Alepuz et al., 2001; Escote et al., 2004; Escote et al., 2011; Li et al., 2012; Brewster and Gustin 2014) .
When we tagged the Stl1p with GFP, we could demonstrate that a significant portion of the Stl1 protein was localized in the plasma membrane even when the cells were growing with glucose as a source of carbon (Fig. 4b) .
In summary, our results obtained with a new series of BY4741 mutants combining the lack of both the transporters, and diminished production of glycerol showed that the activity of both the importer and exporter of glycerol is necessary for a high survival of adverse conditions, and that in some cases the simultaneous disruption of the HOG signalling pathway can improve the survival of cells lacking glycerol transporters (Fig. 3a , exponentially growing cells exposed to hyper-and then hypoosmotic stresses), whereas under other conditions the deletion of HOG1 hinders the survival of cells without glycerol transporters under adverse conditions ( Fig. 3c and d ; dehydration/rehydration survival of stationary cells). As for Stl1p glycerol importing system, our results suggest (1) that it is, besides being important for freeze tolerance (Tulha et al., 2010) , important for yeast cell survival under anhydrobiotic conditions and (2) that it is not fully inactivated and repressed in BY4741 cells growing in media with glucose (and without osmotic stress), but its activity contributes to the regulation of cell volume and maintenance of intracellular pH homeostasis in growing cells.
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